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IWNAMTC UN RAT.ANCE COMPENSATION SYSTEM AND METHOP 

R A CK GR OI JND OF THE INVENTION 

[0001] The present invention generally relates to balance compensation of rotational 

devices, and more particularly relates to compensating for dynamic unbalance of a 

rotating assembly, especially on a vehicle, such as a spacecraft. 

[0002] Spacecraft (e.g., satellites) are frequently equipped with one or more spinning 

assemblies which rotate about an axis of rotation and exhibit a large product of inertia 

about the axis of rotation. For example, telescopes and other instruments can be 

mounted on a spinning platform on a spacecraft and rotated relative to the spacecraft. 

S3 

2 Other examples of rotating assemblies include parabolic antennas and reflectors which 

cn 

UJ are continually rotated on a spinning platform, usually at constant speed relative to the 

s spacecraft. Some rotating assemblies exhibit a static unbalance and/or a dynamic 

W unbalance. A static unbalance is generally an unbalance in a radial direction to the axis 

n : 

2 of rotation that is characterized as a force that remains fixed in orientation with respect 

E ; 

r " to the body of the rotating assembly. A dynamic unbalance is generally characterized as 

a moment that is a result of the rotating assembly about an axis other than a principle 
axis. An asymmetric assembly rotated about an axis, or a symmetric device rotated 
about an axis other than its principle axis, will generally tend to exhibit a dynamic 
unbalance moment. 

[0003] The presence of a dynamic unbalance moment adversely affects stabilization of a 

spacecraft in orbit by tending to cause the spacecraft to move, e.g., jitter, in response to 
the rotating moment. Thus, the presence of a dynamic unbalance moment will tend to 
cause spacecraft pointing error which requires additional stability control to maintain the 
spacecraft in a desired orientation in orbit. One approach to mitigating dynamic 



unbalance includes adding balance mass to the rotating assembly in a manner that 
provides an equal but opposite moment to cancel out the dynamic unbalance moment. 
However, the addition of balance mass has several drawbacks including added size and 
weight to the spacecraft. Additionally, allowable envelope constraints may restrict 
where the balancing mass can be added. Further, if the envelope constraints are severe, 
the length of the moment arm of the balance mass may have to be reduced, thus 
resulting in an increase in the balance weights. As a consequence, the balance weights 
may have to be larger than the mass creating the initial unbalance. 

Accordingly, it is therefore desirable to provide for a system which compensates 
for dynamic unbalance of a rotating assembly on a vehicle, such as a spacecraft, which 
does not exhibit drawbacks of the known prior approaches. In particular, it is desirable 
to provide for such a dynamic balanced system which does not add a significant amount 
of weight to the rotating assembly and meets strict envelope constraints. 

SUMMARY OF THF TNVRNTION 
] The present invention provides a dynamic unbalance compensation system and 

method that compensates for dynamic unbalance of a rotational assembly. The system 
advantageously compensates for the dynamic unbalance of the rotational assembly 
without adding a significant amount of mass to the rotational assembly. The system 
includes a support member, such as a vehicle, a rotational assembly mounted on the 
support member and rotatable about an axis of rotation relative to the support member, 
and a momentum device mounted on the rotational assembly and generating a 
momentum vector component perpendicular to the axis of rotation. The momentum 
vector component produces a compensation torque when the rotational assembly rotates 




such that the compensation torque compensates for dynamic unbalance of the rotational 
assembly. According to one aspect of the present invention, the system is particularly 
well-suited for use on a vehicle, such as a spacecraft. 
[0006] These and other features, advantages and objects of the present invention will be 

further understood and appreciated by those skilled in the art by reference to the 
following specification, claims and appended drawings. 



BRIEF DESCRIPTION OF THE DRAWINGS 
[0007] FIG. 1 is a perspective view of a spacecraft equipped with two rotational 

Q instrument assemblies mounted thereon; 

W[0008] FIG. 2 is a schematic representation of one of the rotational assemblies 

P 1 exhibiting dynamic unbalance when the assembly spins about an axis of rotation; 

~[0009] FIG. 3 is a schematic representation of a rotational assembly having a 

m momentum device compensating for dynamic unbalance according to one embodiment of 

fU 

nj the present invention; 

FU [00010] FIG. 4 is a schematic representation of a rotational assembly having a 

momentum device according to a second embodiment of the present invention; 
[00011] FIG. 5 is a schematic representation of a rotational assembly having a scissored 

pair of momentum devices according to a third embodiment of the present invention; 
[00012] FIG. 6 is a schematic representation of a rotational assembly having three 

momentum devices according to a fourth embodiment of the present invention; and 
[00013] FIG. 7 is a block diagram illustrating a feedback control system for controlling 

one or more momentum devices. 
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PETAIEEP DESCRIPTION OF PR EFERREP EMBOPIMENTS 
[00014] Referring to FIG. 1, a satellite spacecraft vehicle, as generally indicated by block 

18, is shown having spinning (rotational) instrument assemblies, including a spinning 
parabolic antenna assembly 10 and a spinning telescope assembly 14. Satellite 
spacecrafts are commonly equipped with one or more spinning rotational assemblies 
which spin about an axis of rotation to scan a region of coverage. The parabolic 
antenna assembly 10 is supported on a spinning platform 12 which rotates the parabolic 
antenna assembly 10 about an axis of rotation 11, relative to the spacecraft 18. 
Likewise, telescope assembly 14 is supported on a spinning platform 16 which spins the 

H 

p telescope assembly 14 about an axis of rotation 11, relative to the spacecraft 18. The 

O 

ffi spinning platforms 12 and 16 may be motor driven, according to one embodiment, to 

F; realize a spin rate q. Spinning assemblies such as the parabolic antenna assembly 10 

yj 

and telescope assembly 14 typically have a large mass and are rotated at an angular 

S 

fy speed (i.e., spin rate q) of twenty to forty revolutions per minute (RPM), for example. 

Many spacecraft mounted spinning assemblies typically are asymmetric about the spin 
axis of rotation and, thus, exhibit a dynamic unbalance. The present invention employs 
one or more momentum devices mounted on the rotatable assembly to generate a 
compensation torque to compensate for the dynamic unbalance. 
[00015] A representation of one of the rotational assemblies, such as the parabolic 

antenna assembly 10, is illustrated in FIG. 2 having equivalent mass representations for 
the asymmetric configuration. The rotational assembly 10 is shown having an 
equivalent mass m 1 at a vertical momentum height x, and a length l x offset from the axis 
of rotation 11. In addition, the rotational assembly 10 has an equivalent mass m 2 at a 
momentum height x 2 , which is greater than x„ and a length 1 2 offset from the axis of 



rotation 11. It should be appreciated that when the rotational assembly 10 is rotated 
about the axis of rotation 11 at a spin rate q, the equivalent mass m, generates force 
at momentum height x,, and mass m 2 generates force F 2 at momentum height x 2 . Due to 
the dynamic unbalance of the rotating assembly 10, a dynamic unbalance moment is 
generated (using the right hand rule). If left uncompensated for, the dynamic unbalance 
moment is transferred to the satellite spacecraft 18, and thus may cause spacecraft 
pointing error. 

[00016] The present invention employs one or more momentum devices for generating a 

compensation torque that is equal and opposite to the dynamic unbalance moment so as 
O to compensate for the dynamic unbalance, without requiring the addition of a significant 

CO amount of weight to the rotational assembly. Referring to FIG. 3, the rotational 

r : assembly 10 is shown having a momentum device 20, shown as a spinning momentum 

w 

wheel, mounted to the rotational assembly 10 according to a first embodiment of the 
present invention. The momentum wheel 20 is mounted to the rotational assembly 10 so 
that the momentum wheel 20 generates angular momentum h perpendicular to the 
dynamic unbalance caused by the asymmetric rotating assembly 10 represented by 
masses n^ and m 2 . It should be appreciated that the spinning of rotational assembly 10 
at spin rate q causes a dynamic unbalance moment in the negative P direction as shown 
by the rectilinear coordinates. The momentum wheel 20 generates angular momentum h 

which, at spin rate q, produces a compensation torque h that compensates for the 
dynamic unbalance moment so as to reduce or eliminate the overall dynamic unbalance 
induced moment of the rotating assembly 10 applied to the spacecraft 18 at the base of 
the spin platform 12. The amount of angular momentum h generated by the momentum 
wheel 20 in the vector perpendicular to the dynamic unbalance depends on the size of 




the spinning momentum wheel 20, the speed of rotation of the momentum wheel 20, and 
the orientation of the momentum wheel 20 relative to the axis of rotation 11. The 

resultant amount of compensation torque h is a function of the product of the 
momentum vector h and the spin rate q. 
[00017] The momentum device 20 may include a conventional momentum wheel having a 

motor driven rotary mass configured to provide a rotating momentum vector sized so as 
to reduce or cancel the dynamic unbalance induced moment. The momentum device 20 
may be fixed to the rotational assembly 10 and may further be mounted to the assembly 
10 via a gimbal (not shown) which allows for adjustment of the orientation of the 
O momentum device 20. It should be appreciated that adaptive dynamic balance 

i—i 

fj compensation may be provided by adjusting speed and/or orientation of the momentum 

u i wheel 20 so as to vary the amount of angular momentum h in the vector perpendicular 

.T to the axis of rotation 1 1 . This would enable active control of the momentum vector to 

0 

fU bring the net dynamic unbalance to zero in the presence of a changing dynamic 

FU unbalance, such as may occur during a change in payload of the rotational assembly 10. 

|y [00018] In FIG. 4, the rotational assembly 10 is shown having a momentum device, such 
as a momentum wheel 120, oriented according to a second embodiment of the present 
invention. The momentum wheel 120 is mounted to the rotational assembly 10 along an 
axis offset by an angle 5 offset from the angle of rotation 11 so as to control Y-axis 
momentum and also provide dynamic unbalance compensation. The momentum vector 
h is sized such that the Y-axis component of momentum is equal to h cos 5, while the 
torque vector h is equal to h sin 5, such that the resulting compensation torque h is 
equal and opposite to the dynamic unbalance caused by the asymmetric arrangement of 
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rotating masses m, and m 2 . The momentum wheel 120 provides the required angular 
momentum in the Y direction to spin the rotational assembly 10, while a component of 
the angular momentum h provides the dynamic unbalance compensation. By properly 
selecting the angle 5 and the angular momentum vector h, compensation of angular 
momentum and dynamic unbalance can both be achieved. 

[00019] The momentum wheel 120 may be fixedly mounted to the rotational assembly 10 
or mounted via a gimbal assembly (not shown) which would allow adjustment of the 
orientation angle 5 of the momentum wheel 120. Accordingly, the speed of rotation of 
the momentum wheel 120, orientation (angle 5) of the momentum wheel 120, and size 
of the momentum wheel 120, will determine both the amount the angular momentum 
about the Y-axis and the dynamic unbalance compensation. One example of a 
momentum device includes a reaction wheel assembly (RWA). Other momentum 
wheels may be employed to achieve the desired angular momentum and dynamic 
unbalance compensation. 

[00020] Referring to FIG. 5, the rotational assembly 10 is shown having a pair of 

momentum devices 220a and 220b according to a third embodiment of the present 
invention. The pair of momentum devices 220a and 220b, may include momentum 
wheels, oriented to form a scissored pair so as to allow for significant control torque 
about the axis of rotation 11 while providing augmented dynamic unbalance control. 
The momentum wheels 220a and 220b are shown mounted on opposite sides of the 
rotating assembly 12, and thus are angularly rotated one hundred eighty degrees (180°) 
relative to the other. The momentum wheels 220a and 220b may otherwise be arranged 
on the assembly 12. The first momentum wheel 220a is shown oriented at an angle 5! 
relative to an axis perpendicular to the axis of rotation 11. The second momentum 



wheel 220b is oriented at angle s 2 relative to the axis perpendicular to the axis of 
rotation 1 1 . Each of the momentum wheels 220a and 220b are shown mounted to the 
rotational assembly 10 via gimbals 222 which allow for adjustment of the orientation 
(angles § x and s 2 ) of each of the corresponding momentum wheels. The gimbals 222 
each include a pair of gimbal mounts fixedly attached to the rotational assembly 10 and 
a shaft mounted in bearings between the gimbal mounts and rotatable to angularly rotate 
the momentum wheel. The momentum wheels may include a gimbaled reaction wheel 
driven by a motor or clutch (not shown) for positioning the orientation of the momentum 
wheels. The net dynamic unbalance moment created by the scissored pair of momentum 
wheels 220a and 220b provides a compensation torque that is equal and opposite to the 
dynamic unbalance. It should be appreciated that additional momentum wheels may 
provide the ability to achieve enhanced torque control. 
[00021] Referring to FIG. 6, the rotational assembly 10 is further shown represented with 

three masses m l9 m 2 , and m 3 and has three momentum wheel devices 320a-320c 
equiangular ly mounted thereto every one hundred twenty degrees (120°) around the 
rotational assembly 10. The three momentum wheels 220a-220c may otherwise be 
arranged on the assembly 12. The first momentum wheel 320a is oriented at an angle 5, 
relative to an axis perpendicular to the axis of rotation 11 and generates angular 
momentum h,. The second momentum wheel 220b is oriented at an angle s 2 relative to 
the axis perpendicular to the axis perpendicular to the axis of rotation 1 1 and generates a 
second angular momentum h 2 . The third momentum wheel 220c is oriented at an angle 

5 3 relative to the axis perpendicular to the axis of rotation 1 1 and generates an angular 
momentum h 3 . Each of the momentum wheels 320A-320C is mounted on a gimbal 322 
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which allows for adjustment of the orientation (angles g ls 5 2 , and s 3 ) of each of the 
momentum wheels. By employing three or more momentum devices, three axes torque 
and momentum control can be achieved such that any unwanted cross torque is reduced 
or eliminated from the rotational assembly 10 and dynamic unbalance compensation can 
be achieved at various rotational rates. The three momentum devices 320a-320c may 
form a gimbaled momentum system, such as a control moment gyroscope (CMG) array 
which allows three axis momentum control as well as dynamic unbalance compensation 
without emitting unwanted torque to the whole structure. Momentum control for such a 
system can be controlled through rotor speed of the individual momentum wheels and/or 
by changing the gimbal orientation of the corresponding momentum wheels 320a-320c. 
[00022] It should be appreciated that each of the above-described embodiments of 
employing one or more momentum devices to compensate for dynamic unbalance of a 
rotational assembly 10 may further employ an active control system, such as the 
feedback control system shown in FIG. 7, to provide for active control having a variable 
range of dynamic unbalance compensation. The control system may include a controller 
32, a gimbal motor 34, and a momentum rotor 36, and may further include sensors, 
such as a rotor speed sensor and gimbal angle sensor (not shown). The controller 32 

monitors the angle 5 of the gimbal motor as well as the rotor speed <fi of the momentum 
device(s) and provides an angular control signal ^5 to control the angle 5 of the gimbal 
motor 34, as well as a speed control signal &<j> to control the speed <fi of the momentum 
rotor 36. It should be appreciated that by controlling the rotor speed ^ and orientation 

5 of the gimbal, the momentum device(s) may be adjusted to achieve enhanced dynamic 
unbalance compensation. The controller 32 may further control spin-up and spin-down 



* 




of the payload of the rotational assembly 10, while simultaneously adjusting the 
momentum compensation to adjust for changes in the dynamic unbalance. 
[00023] Accordingly, the rotational assembly 10 advantageously provides for dynamic 

balance compensation without adding significant weight to the rotational assembly 10. 
By reducing or eliminating the dynamic unbalance, the rotational assembly 10 is less 
susceptible to pointing errors which may otherwise result on a satellite spacecraft. 
While the rotational assembly 10 is shown employing one, two, or three momentum 
devices, it should be appreciated that any number and various types of momentum 
devices may be employed without departing from the teachings of the present invention. 
3 It should be appreciated that the dynamic unbalance compensation system of the present 

invention may also be useful for the field of robotics and precision instrument controls, 



? ! in addition to use on spacecraft. 



[00024] The above description is considered that of the preferred embodiments only. 

Modifications of the invention will occur to those skilled in the art and to those who 
make or use the invention. Therefore, it is understood that the embodiments shown in 
fU the drawings and described above are merely for illustrative purposes and not intended 

to limit the scope of the invention, which is defined by the following claims as 
interpreted according to the principles of patent law, including the doctrine of 
equivalents. 
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